Lateral deformations caused by the installation of 0.76 m to 1.5 m diameter, caissons were measured by inclinometers placed at the excavation for the Lurie Research Center in Chicago, IL. The bells of the caissons were founded at an average elevation of -23.8 m Chicago City Datum (CCD). Subsurface conditions at the site and construction techniques used to install the caissons are described. Eight inclinometers were placed around the perimeter of the site and one inclinometer was placed in an ad hoc test section consisting of two caissons located in the interior of the site. The ad hoc test section and production caisson inclinometer responses are compared. The times needed to construct the production caissons around the exterior of the site and the test section caissons were very similar so that the time-dependent responses of the clays squeezing into the caisson did not cause differences in the observed responses. Larger ground movements were observed adjacent to the production caissons located near the perimeter of the temporary wall than adjacent to the two caissons located at the test section in the interior of the site. The performance data show a correlation between lateral movements caused by installing caissons and the stability number. A finite element simulation models the stress differences between the production and test section caissons. An empirical means to estimate the movements associated with caisson construction is provided.
INTRODUCTION
Movements associated with excavations can be caused by factors other than those due to stress relief from the removed soils. When deep foundations are used in conjunction with a braced excavation, installation of the foundations can cause ground movements that affect surrounding utilities and structures. For example, when caissons are installed through cohesive soils, ground movements develop as a result of undrained deformations that occur between the time that the caisson is excavated and the concrete is placed in the caisson. Movements associated with caisson installation can be a significant source of the total movement during the entire construction process. For example, Cunningham and Fernandez (1972) showed that a majority of movement occurred either during caisson construction or appeared to have been initiated by caisson construction when excavating for the CNA Center in Chicago. Baker and Lukas (1978) proposed that movements induced by caisson construction become significant when the ratio of effective vertical stress and undrained shear strength, S u , exceeds 6. However, magnitudes of lateral movements and this ratio have not been correlated.
This paper presents the results of observations of lateral movements caused by installing caissons at the Lurie Research Center, both at an interior test section and at production caissons around the perimeter of the site. Finite element studies were made to compute the major principal stress in the soft clays adjacent to the temporary wall and to provide estimates of lateral movements as a function of stability number and distance to caisson. A chart is presented that can be used to estimate lateral movements associated with caisson installation.
SITE DESCRIPTION
The Lurie Research Center is a 12-story building with a 12.8 m deep basement. In addition to the deep excavation, belled caissons extend to an elevation of -23.8 m Chicago City Datum (CCD) to provide support for the structure. Soil conditions at the site and typical caisson depths are shown in the generalized soil profile in Figure  1 . As indicated, below the fill a loose to medium dense sand extends to elevation -5 m CCD. Thereafter, a sequence of relatively compressible glacial clays are encountered with undrained shear strengths increasing from about 29kPa to 105kPa, as measured from field vane shear tests. At elevation -22 m CCD, a hard cohesive soil with an average undrained strength of 383 kPa is encountered. A more complete description of the site and the responses measured during excavation is presented by Finno and Roboski (2004) . Fill (SM) Natural Sand (SP) Natural Sand ( 
CONSTRUCTION PROCEDURE
Caissons were installed from a working grade of +1.5 m CCD after the first level of ground anchors had been prestressed. The caisson diameters ranged from 0.76 to 1.52 m and bell diameters from 2.13 to 4.57 m. The bells of the caissons were founded in the hard clay at an average elevation of -23.8 m CCD. The tops of the caissons were established at an average elevation of -8.5 m CCD, with reinforcement placed within the top 3.05 meters. One hundred and sixteen caissons were constructed over a five-week period.
An oversized caisson was drilled in the wet to the upper surface of the clay and a temporary casing was set in place with the top edge approximately 1 m above working grade. After placing the temporary casing, and removing the slurry, drilling in the dry began. Increasingly larger diameter augers were used until the desired depth was reached in the hard clay, whereupon bells were formed. After inspection of the bell, a steel cage was set in the caisson and concrete was poured to approximately 12 m below working grade. At a number of caisson locations, groups of abandoned timber piles were encountered. These piles were cut with the auger as the hole was advanced.
An important factor affecting the magnitudes of ground movements is how long the segment of the caisson drilled in the dry remained open before the concrete was N= γH
Su (1) poured. During this time, typically two hours at the Lurie site, lateral support for the soils was not provided until the concrete was placed within the interior. The lack of support gives opportunity for the lower strength clays to deform inward resulting in adjacent deformations of the ground surface (Baker and Lukas 1978) . Additional lateral deformation is caused by the over excavation of the caisson to install the temporary casing, and the excavation of additional soil which squeezes into the unsupported length of the caisson during construction. Lateral deformations that occurred during installation of the caissons were measured by 8 inclinometers located along the perimeter of the sheet pile wall that surrounded the excavation and by an inclinometer placed within 1.5 m of two caissons at an ad hoc test section in the interior of the site. Although the time between drilling in the dry and concrete pouring is a significant factor in amount of squeeze, the times needed to construct the production caissons near the wall and the test section caissons were very similar so that time was not a factor in differences of inclinometer results obtained.
Caisson diameters as well as construction procedures will also affect the amount of squeeze observed. It is proposed herein that the movements resulting from caisson installation are related to stability number, N, the relative distance from the caisson to the measurement point, and the constitutive response of the clays. N is defined as:
where γH is the total vertical overburden pressure. In the case when the caisson is constructed adjacent to a sheet-pile wall, γH is replaced by the major principal stress, as will be discussed later.
LATERAL MOVEMENTS ASSOCIATED WITH CAISSON INSTALLATION
The inclinometers were installed and initialized prior to constructing the test caissons. Caisson A was constructed first according to procedures described previously, and caisson B followed similarly. A schematic of the test section and the inclinometer data are shown in Figure 2 . Inclinometer readings were taken throughout construction of both caissons. Movements in the primary direction of the inclinometer, aligned in the east-west direction. The figure shows a maximum lateral movement in the clay strata of 1.7 mm to the east developed during construction of caisson A with a very small reverse movement to the west due to construction of caisson B. The two arrows in the graph and in the schematic of the test section also represent the initial east, then smaller westward movements of the soil. 
Figure 2. Summary of ad hoc test section
Movements in the test section were recorded as a means to evaluate the magnitude of movements associated with installing the production caissons given the proposed installation procedure. If the movements were excessive, then the contractor would be required to drill through the softer clays with slurry. Complicating the procedure was the fact that many old timber piles existed on the site, and the contractor wanted to be able to see them during drilling. The results of the test section clearly showed the movements were quite small and the production caissons were drilled through the clay in the dry. Figure 3 presents lateral movement data from inclinometers 1 through 8. These data represent movement that developed solely as the caissons were installed. The maximum lateral movement in the clay, 5.5 mm, was observed in inclinometer 3, more then three times that observed at the test section. The range of values observed as a result of installing the production caissons, 1 to 5.5 mm, was small enough to pose no real concern at the Lurie Site where the expected movements were on the order of 65 mm (Finno and Roboski 2004) . However, when dealing with tight deformation criteria, such movements can be significant.
While the test section and the production caissons were installed from the same elevation, the caissons at the periphery of the excavation were close to the sheet-pile wall and, hence, subjected to larger vertical stresses (Figure1) than those present at the test section. Thus the stability number would be higher for the caissons installed at the periphery of the site, and one would expect larger movements, neglecting the effects of the stiffness of the flexible sheet pile wall. In such cases, use of an interior test section to predict lateral movements throughout the site would be inaccurate, as shown from the Lurie site data. In addition to stability number, the magnitude of the lateral movements associated with caisson installation will depend on the constitutive response of the soil and the location where the movement is observed. Finite element analyses were conducted (1) to compute the major principal stress in the soft clays to account for the additional stresses resulting from the retained soil when computing N for the caissons located at the periphery (see Figure 1) , and (2) to perform a parametric study to provide estimates of lateral soil movements for a given N and distance from the caisson. The commercial code PLAXIS was used to make these computations.
To compute the stresses in the soft clay when the peripheral caissons were installed, a plane strain analysis of the construction sequence was made wherein the sheet-piles were installed, excavation to +1.5 m was made and the first level of ground anchor support was installed. The soil responses were assumed to follow those specified by the Hardening Soil Model (Reference). The Hardening Soil model includes plastic straining due to primary deviatoric loading and primary compression. Elastic unloading and reloading are accounted for. Failure is defined by the Mohr-Coulomb model. A basic feature of the Hardening Soil Model is the stress dependency of the soil stiffness. Additionally, the deviatoric stress-vertical strain relationship is assumed hyperbolic. Drained responses were modeled in the upper sands and undrained responses were simulated in the clays. Soil parameters and details of the analyses are described in Roboski (2004) . The computed major principal stress at the center of the softest clay layer is used to calculate the value of N representative of the peripheral caissons. The results show that the major principal stress is 260 kPa in the soft clay at the periphery, as compared to 225 kPa in the center of the site after excavation to +1.5 m. These increased stresses result in a higher stability number at the periphery (N=5.8) than at the center (N = 5) where the effects of the retained soil were not felt.
To quantify the lateral movements associated with caisson installation as a function of stability number and distance from the caisson, an axisymmetric simulation of the caisson drilling operation was conducted. The magnitudes of the deformations depend on the assumed constitutive responses of the clays. The undrained clay responses were described by an elasto-plastic Mohr-Coulomb model. Material response in this model is dictated by 2 elastic parameters, the friction angle, cohesion and the dilatancy angle (used to model increase in plastic volumetric strain as observed for dense soils). In this model, the value of E u /S u has the biggest influence on computed deformations as long as the soil is not in a failure state. However, the elasto-plastic responses defined by E u /S u are a simplification of the soil behavior. One expects that the values should change based on the shear stress level, and hence with N. Higher values of N should have lower E u /S u values since the computed response is bilinear and the actual response is nonlinear. In any case, the computed results can provide a relation between lateral deformation, distance from caisson and N, as will be discussed subsequently.
Furthermore, one can compute the limit point where large quantities of soil will deform into an unsupported hole. Ground loss is defined herein as the amount of soil excavated when drilling a caisson that is larger than that excavated for the theoretical volume of the caisson normalized by the theoretical volume. Using a ground loss criterion of 15% and based on the results of the axisymmetric simulations, this point coincides to an N value of 7.5. Figure 4 presents the maximum lateral deflections in the clay measured by each inclinometer versus normalized distance, defined as the shortest distance between the inclinometer and the closest caisson divided by the diameter of that caisson. Also shown on the inset is the stability number for each inclinometer. For a given stability number, larger caisson diameters and smaller distances should result in larger lateral deflection readings, as shown in the results of data obtained at inclinometers 2, 3, 5, and 6. These caissons were located around the periphery of the site and had the same stability number.
Field data
Data from inclinometers 1, 4, and A suggest that for stability numbers of 5 or less, the lateral deformations associated with caisson installation are negligible. Results from inclinometers 7 and 8 indicate negligible movements for the same stability number of 5.8 as the other peripheral caissons. These inclinometers were located adjacent to the south wall whereas inclinometers 2, 3, 5 and 6 were located adjacent to the north and west walls. Perhaps the undrained strengths of the clays at the south wall were larger than the average values used to compute N in the clays, although the field vane data was inconclusive on this point. In any case, a stability number of 5 would represent a conservative limit to define when movements can be considered negligible. Figure 4 also shows a line through production caisson points 2, 3, 5, and 6 that represents the results of axisymmetric finite element calculations based on an N value of 5.8 and an E u /S u value of 115. The E u /S u value was found by finite element analyses trial and error to provide a best fit to the max deflection recorded for installation of the production caissons nearest LR-2, LR-3, LR-5 and LR-6. The line shows the dependence of lateral movements on the distance/caisson diameter ratio. Computed deflection versus normalized distance relations for stability numbers of 5 and 7.5 are also shown on the graph. An N value of 5 has been proposed as a limit below which movements associated with caisson installation are negligible; the computed value at a normalized distance of 1, which represents a distance 1 diameter from the edge of the caisson, is 3 mm, indeed an insignificant movement for most cases.
Also included in Figure 4 is a data point representing lateral movement due to caisson construction at the CNA Center in Chicago. Using data presented in Cunningham and Fernandez (1972) , a stability number of 7.5 was calculated for caissons located along the west wall of the excavation, for the condition of drilling the caisson through the clay in the dry. The movements at this inclinometer were influenced by the responses at a caisson wherein the caisson completely was pinched off at the elevation of the soft clay after the hole was left uncased over a weekend. This case represents the limit point of the stability of an open caisson, and clearly the caisson would require support in the form of either slurry or casing to prevent excessive movements. These responses support the upper bound limit shown in Figure 4 , where a stability number of 7.5 represents excessively larger ground losses.
CONCLUSIONS
Based on the results of the field and numerical data presented herein, the following conclusions can be drawn:
1. Lateral movements caused by installation of caissons depend on the stability number, N, the distance to caisson diameter ratio at which the movements occur, and the constitutive response of the clay. Estimates of these movements can be made from data in the chart presented in Figure 4 . 2. Lateral movements in clays caused by caisson construction where N is less than 5 are negligible. 3. When N is greater than or equal to 7.5, large uncontrolled deformations should be expected, and either slurry or casing should be used through the soft clays.
